Abstract: This study presents apatite LA-ICP-MS U-Pb age and trace elements concentrations data from different granite types from the Tatra Mountains, Poland. Apatite from monazite and xenotimebearing High Tatra granite was dated at 339 ± 5 Ma. The apatite LREE patterns reflect two types of magmas that contributed to this layered magma series. Apatite from a hybrid allanite-bearing diorite from the Goryczkowa Unit was dated at 340 ± 4 Ma with apatite LREE depletion reflecting the role of allanite and titanite during apatite crystallization. Apatite crystals from a hybrid cumulative rock from the Western Tatra Mountains were dated at 344 ± 3 Ma. Apatite is one of the main REE carriers in this sample and exhibit flat REE patterns. Taking into account the relatively low closure temperature of the U-Pb system in apatite (350-550°C), the c. 340 Ma apatite ages mark the end of high temperature tectonometamorphic activity in the Tatra Mountains.
INTRODUCTION
Apatite is a nearly ubiquitous accessory phase in igneous rocks due to the low solubility of P 2 O 5 in silicate melts and the limited amount of phosphorus incorporated into the crystal lattices of the major rock-forming minerals (Piccoli and Candela, 2002) . Apatite is an important carrier of many trace elements (Sha and Chappell, 1999) , and can control the budget of Y and REE, especially in rocks with high apatite contents (Dempster et al., 2003; Prowatke and Klemme, 2006; Szopa et al., 2013) . Recently apatite has been used in high-temperature thermochronological studies, showing that the closure temperature of the uranium -lead (U-Pb) system is approximately 350-550°C (Chamberlain and Bowring, 2000; Schoene and Bowring, 2007; Cochrane et al., 2014) . As the U +4 and Pb partition coefficients are not significantly affected by melt composition, apatite can be used as a geochronometer in a wide variety of igneous rock types. Apatite LA-ICP-MS (Laser Ablation Inductively Coupled Plasma Mass Spectrometry) U-Pb and Th-Pb ages can exhibit low weighted mean age uncertainties as low as 1-2% (Chew et al., 2011) . As the U-Pb closure temperature for apatite is relatively low, apatite U-Pb ages cannot be interpreted in terms of the timing of magmatic activity. However, apatite U-Pb data does yield valuable information on the timing of thermal events and the cooling histories of crystalline basement terranes.
This study investigates the utility of apatite LA-ICP-MS U-Pb dating to constrain the timing of magmatic and tectonothermal activity in the polygenetic Tatra Mountains granite suite. The age of the youngest magmatic activity in the Tatra Mountains has been debated for many years. Magmatic ages as young as 315 Ma have been suggested in the literature , but more recently the youngest magmatic activity in the High Tatra granite suite has been constrained at 337 ± 6 Ma by LA-MC-ICP-MS U-Pb zircon dating (Burda et al., 2013a) . We also compare apatite REE (Rare Earth Elements) and trace element (e.g. Y, Sr) concentration data relative to the parent rocks samples to monitor the role of apatite as a carrier-phase for these elements.
Three granite types were sampled in this study, including: the High Tatra syenogranite (HTG), the Goryczkowa diorite-granodiorite (GDG) and an apatite-rich cumulate from the hybrid Western Tatra granitoid (WTC; Fig. 1b ). All three samples have yielded different LA-ICP-MS U-Pb zircon ages (337 ± 6 Ma, 371 ± 6 Ma and 368 ± 8 Ma adequately) and represented genetically different magmatic pulses within a polygenetic layered intrusion (Burda et al., 2013a (Burda et al., , 2013b .
GEOLOGICAL SETTING AND SAMPLING
The crystalline core of the Tatra mountains comprises a Variscan polygenetic granitoid pluton and its metamorphic envelope ( Fig. 1b ; Morozewicz, 1914; Kohut and Janak, 1994; Gawęda, 2009) , that is partly covered by Mesozoic sedimentary rocks. The metamorphic envelope to the polygenetic granitoid intrusion is exposed in the western part of the massif and is strongly migmatised (Burda and Gawęda, 2009 ; Fig. 1b) . The tabular granitoid pluton is composed of several magma batches, that differ in age and chemistry. In the Western Tatra Mountains (Fig. 1b) an Early-Variscan hybridization episode is represented by I-type quartz-diorite hybrid precursors (368 ± 8 Ma by the U-Pb method on zircon; Gawęda et al., 2005; Burda et al., 2011) , which occur as sills within the metamorphic envelope and at the base of the granodiorite-tonalite intrusion (360-345 Ma; . A suite of unusual apatite-rich rocks of cumulative origin is linked to this hybridization episode (Szopa et al., 2013) . In the eastern part of the crystalline core (High Tatra Mountains) syenogranite-monzogranite is most abundant, locally with mafic microgranular enclaves (MME) and metasedimentary xenoliths (Gawęda, 2009 and references therein). These granitoids exhibit characteristic magmatic layering (Gawęda and Szopa, 2011) and were emplaced between 361-337 Ma (Gawęda, 2008; Burda et al., 2013a) . The Goryczkowa granite, which crops out in the crystalline cores of the Alpine nappes (Jurewicz 2006 ; Fig. 1b) , is comprised of granodioritediorite, and was dated at c. 371 Ma and was followed by the intrusion of K-feldspar-rich leucogranite dated at c. 350 Ma by the LA-ICPMS U-Pb method on zircons (Burda et al., 2013b) .
All these granitoid pulses show geochemical and isotopic signatures suggesting that the granitoid melts were produced by melting of a heterogeneous package of metasedimentary rocks during subduction of oceanic crust under the continental wedge and interaction with mantle derived melts (Broska and Uher, 2001; Gawęda, 2009; Burda et al., 2011 Burda et al., , 2013a Burda et al., , 2013b .
Post-magmatic extension and associated shearing resulted in the formation of localized shear zones and metamorphic fabrics in the magmatic rocks, resulted in 40 Ar/ 39 Ar biotite ages of c. 322-331 Ma interval (Kohut and Sherlock, 2003) .
ANALYTICAL METHODS

Petrography
For this study we used magmatic rock samples, that were previously dated by the LA-MC-ICP-MS zircon UPb method (Burda et al., 2011 (Burda et al., , 2013a (Burda et al., , 2013b and one sample of an apatite-rich cumulate (Szopa et al., 2013) . Petrographical analyses of thin sections were undertaken to check the apatite content and its morphological varieties. These observations formed the basis for selecting samples for the subsequent isotopic analyses.
Apatite morphology, chemistry and U-Pb dating
Apatite crystals were separated using standard techniques (crushing, hydrofracturing, washing, Wilfley shaking table, Frantz magnetic separator and handpicking). The separation was carried out at the Institute of Geological Sciences, Polish Academy of Sciences, Cracow. The samples were then mounted in 25 mm diameter epoxy resin pucks, then grinded and polished to expose the grain interiors. The apatite crystal morphologies were imaged by scanning electron microscopy on a FET Philips 30 electron microscope (15 kV and 1 nA) at the Faculty of Earth Sciences, University of Silesia, Sosnowiec, Poland.
For trace element and isotopic analyses only unzoned apatite crystals were selected from all three granitoid samples. Apatite U-Pb data were acquired using a Photon Machines Analyte Exite 193 nm ArF Excimer laserablation system coupled to a Thermo Scientific iCAP Qc at the Department of Geology Trinity College Dublin. Pb/ 204 Pb = 15.47 ± 0.04) are known from high-precision TIMS analyses (Schoene and Bowring, 2006) . NIST 612 standard glass was used as the apatite trace element concentration reference material.
The raw isotope data were reduced using the "Vizual Age" data reduction scheme (Petrus and Kamber, 2012) of the freeware IOLITE package of Paton et al. (2011) . User-defined time intervals are established for the baseline correction procedure to calculate session-wide baseline-corrected values for each isotope. The time-resolved fractionation response of individual standard analyses is then characterised using a user-specified down-hole correction model (such as an exponential curve, a linear fit or a smoothed cubic spline). The data reduction scheme then fits this appropriate session-wide "model" U-Th-Pb fractionation curve to the time-resolved standard data and the unknowns. Sample-standard bracketing is applied after the correction of down-hole fractionation to account for long-term drift in isotopic or elemental ratios by normalizing all ratios to those of the U-Pb reference standards. Common Pb in the primary apatite standard was corrected using the 207 Pb-based correction method using a modified version of the VizualAge DRS . Over the course of two months of analyses, the McClure Mountain apatite secondary standard ( 207 Pb/ 235 U TIMS age of 523.51 ± 1.47 Ma; Schoene and Bowring, 2006 ) yielded a U-Pb Tera-Wasserburg concordia lower intercept age of 524.5 ± 3.7 Ma with an MSWD = 0.72. The regression line was anchored to lower intercept using a 207 Pb/ 206 Pb value of 0.88198, derived from an apatite ID-TIMS total U-Pb isochron (Schoene and Bowring, 2006) . REE contents were normalized to C1 chondrite (Sun and McDonough, 1989) .
RESULTS
Petrography and whole-rock chemistry
Three types of peraluminous granitoids, all showing features characteristic of magma mixing, were investigated: 1) Strongly layered High Tatra -type that is represented by coarse-grained biotite granodiorite ( Fig. 2a) , dated at 345 ± 6 Ma to 337 ± 6 Ma by LA-MC-ICP-MS U-Pb zircon dating (Burda et al., 2013a) . Accessory minerals are represented by zircon, apatite and monazite. The chondrite-normalized REE diagram reveals moderate to high REE fractionation with Ce N /Yb N = 18.2-32.4 and a weak to pronounced negative Eu anomaly (Eu/Eu* = 0.9-0.5; Burda et al., 2013a ; Fig. 3a) . 2) Porphyritic to equigranular medium-grained Goryczkowa-type diorite -granodiorite (Fig. 2b) that was dated at 371 ± 6 Ma (Burda et al., 2013b) . Accessory minerals are represented by zircon, apatite, zoned allanite and titanite. The REEs show moderate fractionation (Ce N /Yb N = 20.8-24.2) and a weakly negative to slightly positive Eu anomaly (Eu/Eu* = 0.8-1.0; Burda et al., 2013b ; Fig. 3b ). 3) Apatite-rich cumulate rock, composed of feldspar, apatite, quartz and biotite. Magmatic zircon is absent although idiomorphic, zoned monazite is present in small quantities. As these rocks have demonstrated to be genetically linked to the mixing and mingling of two different magmas, the zircon U-Pb age of the mingled hybrid (368 ± 8 Ma; Burda et al., 2011 ) is considered to constrain the age of these rocks. Apatite-rich cumulates show low degree of REE fractionation and negative Eu anomalies (Eu/Eu* = 0.4-0.7; Szopa et al., 2013 ; Fig. 3c ). Burda et al., 2013a , 2013b and Szopa et al., 2013 . K-feldspar REE patterns (raw data from Gawęda and Sikorska, 2009 database) are used for comparison in (a)
Fig. 2. Three petrographical types of the Tatra granitoids: layered High Tatra granite (a), granodiorite-diorite Goryczkowa type (b) and Western Tatra apatite-rich cumulate (c).
Fig. 3. Chondrite (C1)-normalized REE patterns of apatites from three types of the Tatra granitoids (rock data for comparison are from
Apatite characteristics
The ap atite crystals from the all granite samples can be classified as apatite-(Ca,F) with 2.9-3.7 wt% of F (ca. 1.8 atoms per 2 (OH, F, Cl)). In the layered High Tatra granite (HTG) both zoned and homogeneous apatite crystals are 0.1 to 0.8 mm long and 0.1-0.2 mm wide; in general stubby apatite dominates over the more prismatic varieties (Figs. 4a and 4b) . Sr contents range from 549 to 562 ppm (mean value 583 ppm), Y ranges from 1005 to 1551 ppm (mean value 1367 ppm) and Mn content ranges from 647to 1557 ppm (Table 1) . Zoned crystals are relatively rare and are found only in mafic microgranular enclaves (Gawęda, 2009) and chemical zonation, where present, is defined by variations in the Y content, and typically is higher in the cores compared to the rims (Fig. 4c) . Chondrite (C1)-normalized REE patterns of apatite are dominated by very weak REE fractionation (La N /Yb N = 0.66-1.04), negative Eu anomalies (0.39-0.44) and slightly positive Ce anomalies (Ce/Ce* ~1.1; Table 1, Fig. 3a) . Two types of LREE fractionation patterns could be distinguished here: HTG-A with a steep La-Sm depletion (La/Sm = 0.2-0.4) and associated with the lowest Y contents and HTG-B, with almost flat LREE patterns (La N /Sm N = 0.5-0.8). HREE patterns are relatively consistent throughout the analysed grains and are characterised by Gd/Lu ratios in the range of 2.4-3.2 (Table 1,  Fig. 3a) .
Equant apatite-(Ca, F) crystals from hybrid Goryczkowa-type diorite are 0.1 to 0.6 mm long and up to 0.7 mm wide (Figs. 4d and 4e) . No zonation was noted (Fig. 4f) Fig. 3b; Table 1 ).
In the apatite-bearing cumulate rock from the Western Tatra Mountains, apatite-(Ca, F) is one of the main rockforming minerals. Long-prismatic, idiomorphic crystals, 0.1-0.7 mm in length, with elongation ratios ranging from 4:1 to 8:1, represent the most common morphological type (Figs. 4f and 4g) . They are usually unzoned (Fig. 4h) and sporadically reveal internal zoning caused by Fe, Mn, Mg and Y substitutions (Szopa et al., 2013) . The analyzed crystals show Sr contents of 287-457 ppm (mean value 397 ppm), 870-1300 ppm Y (mean value 1123 ppm) and strongly variable Mn contents (1394-3950 ppm). Low REE fractionation with typical HREE depletion (La N /Yb N = 1.4-2.4) and a weakly negative slope for the LREE (La/Sm = 0.7-1.0) with a distinct positive Ce anomaly (Ce/Ce* = 1.2-1.7) and negative Eu anomaly (Eu/Eu* = 0.4-0.5; Table 1) are characteristic features of the chondrite-normalized apatite REE patterns (Fig. 3c) .
Apatite dating U-Pb apatite data from three samples from the Tatra Massif: a layered High Tatra granite (HTG), hybrid Goryczkowa-type diorite (GTG) and an apatite-bearing cumulative rock from the Western Tatra Mountains (WTC) lie on the discordias as a result of variable incorporation of common Pb. The samples yield Tera Wasserburg lower intercept ages of 339.5 ± 4.4 Ma (MSDW = 1.8), 338.8 ± 5.3 Ma (MSDW = 1.6) and 344.3 ± 2.8 Ma (MSDW = 4.8) respectively (Figs. 5a, 5b and 5c; Table 2 ). The discordias were anchored using the Stacey and Kramers (1975) terrestial Pb evolution model calculated for the apatite U-Pb age of each sample. Taking into account the age uncertainties, the U-Pb data could be assumed to group around 340 Ma, which is consistent (within uncertainty) of the youngest U-Pb zircon age of 337 ± 6 Ma (Burda et al., 2013a) . Sun and McDonough (1989) . 
Fig. 4. Apatite morphology and CL (c) characteristic from three types of granitoids: HTG (a-c), GDG (d-f) and WTC (g-i).
Apatite from the monazite-bearing High Tatra granite (HTG)
Apatite
Fig. 5. Tera-Wasserburg concordia diagrams anchored through common Pb for HTG (a), GDG (b) and WTC (c).
DISCUSSION
REE behaviour
Chondrite (C1)-normalized REE patterns of apatite crystals mimic those of the parent granitoid samples. The apatite-rich cumulates lack any other REE carriers, as apatite is the main REE-bearing mineral phase in these rocks. Hence only apatite and feldspar (both plagioclase and K-feldspar) compete for the REE, in which is similar to the REE behaviour of mafic magmatic systems (Hoskin et al., 2000; Chu et al., 2009) . This is in agreement with the inferred origin of the apatite-rich cumulates as being linked to the mantle-related hybrid melts (Szopa et al., 2013) .
Both the Goryczkowa and High Tatra granites show the fractionated REE patterns, with HREE depletion and almost lacking Eu anomaly.
In the High Tatra granite, apatite with depleted LREE patterns coexists with monazite and xenotime. As monazite strongly favours LREE and its REE partition coefficients are typically at a maximum at Nd, this could produce Sm and Gd enrichment in co-existing apatite (Yurimoto et al., 1990; Prowatke and Klemme, 2006; Chu et al., 2009) . Xenotime is a common carrier phase for Y and HREE. Two types of LREE patterns observed in apatite from the High Tatra granitoids, mirror two genetic magma types that contribute to this layered magma series (Gawęda, 2009; Gawęda and Szopa, 2011) . Strong Sm enrichment and simultaneous impoverishment in Y in HTG-A could be related to monazite-and xenotime-related apatite, while relatively flat LREE in HTG-B ( Fig. 3a; Table 1 ) could be interpreted in terms of a mafic magma influence, with apatite governing the LREE and HREE behaviour, similarly to apatite-rich cumulates from the Western Tatra Mountains (compare Fig. 3a and 3c) .
In case of the Goryczkowa variety the presence of allanite and titanite (Burda et al., 2013b) likely cause the depletion in LREE in apatite. Depletion in LREE has been reported in apatites from strongly fractionated granites and pegmatites (Belousova et al., 2002) and was interpreted as a result of the competition with LREEbearing minerals. Both the Goryczkowa and High Tatra granitoids represent rather weakly fractionated melts, influenced by mixing with mafic magmas, but the competition with LREE-carrier phases has strongly influenced the apatite REE patterns.
The strong negative Eu anomaly is a typical feature of all analysed apatites and could reflect both feldspar crystallization prior to or simultaneously with apatite crystallization and/or the redox state of the host magma (Bea, 1996) . This conclusion is supported by the REE Kfeldspar patterns, that exhibit strongly positive Eu anomalies (Gawęda and Sikorska, 2009 ; Fig. 3a) .
Significance of the apatite U-Pb ages
The U-Pb system in apatite is characterised by a relatively low closure temperature (350-550°C) and as a consequence the system can be easily reset during heating. As apatite crystal size is an important factor for Pb volume diffusion, large apatite grains were analysed where possible. In case of the three analysed samples the calculated LA-ICP-MS U-Pb apatite age is almost identical (within uncertainties) with a mean value of 340 Ma. The c. 340 Ma age is comparable with the youngest U-Pb zircon age of granitoid magmatism in the High Tatra Mountains (337 ± 6 Ma; Burda et al., 2013a) . A possible explanation for this is that the U-Pb system in apatite crystals was subsequently disturbed in the whole massif, as a result of the influx of the youngest mantle-related granitoid magma.
The similarity of the youngest LA-ICP-MS U-Pb concordia zircon age and the LA-ICP-MS U-Pb lower intercept apatite ages most likely suggests that cooling occurred in a relatively short time after the last magmatic episode and that no younger thermal events (above 350°C) have occurred in the Tatra Mountains.
